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Summary
We determined the DNA sequence of two large regions ofchromosome 22: 33.7 kb containing
the Ct, complex; and 5 .2 kb 5' of the functionally rearranged X gene from the human myeloma,
U266. Analysis of these sequences reveals the complete structure of the human Cr complex and
a previously undescribed seventh Cx region that may encode the Ke+Oz- X protein. The seven
constant regions are organized in a tandem array, and each is preceded by a single Jx region.
A1, A2, X3, and X7 are apparently active genes, while X4, X5, and X6 are pseudogenes. There
are no other Jx or Ca regions within a 60-kb region surrounding the CX complex; however,
there are at least four other X-like genes and X pseudogenes in the human genome. The X genes
appear to have evolved via a series of gene duplication events resulting from unequal crossing
over or gene conversion between the highly conserved Cr regions on mispaired chromosomes.
The lack of Alu sequences in this large segment of DNA suggests that the Ca complex resulted
from a recent amplification of a smaller Alu-free segment of DNA. Illegitimate recombination
between repeated sequences containing X2 and X3 may be responsible for variable amplification
of the A genes. We also found a 1,377-bp open reading frame (ORF) located on the opposite
strand in the region containing X7. While this ORF is flanked by potential RNA splicing signals,
we have no evidence that it is part of a functional gene. We also discovered a VX pseudogene,
called ~V\1, 3 kb upstream of the U266X gene. Using primer extension analysis to map the
transcription start in the human X gene, we have identified its initiation point 41 by upstream
of the initiation codon. Analysis of the X promoter reveals that it contains a TATAA box at
position -29 relative to the transcription initiation site and an octamer sequence at -67. Computer
analysis of 40 kb of DNA sequences surrounding the human X locus has revealed no sequences
resembling the n or IgH transcriptional enhancers, nor have in vitro analyses for function revealed
enhancer activity. A comparison of these results with those obtained in separate studies with
transgenic mice point to a complex, developmentally linked mechanism oftranscriptional activation.
T
he Ig genes are among the most intensely studied and
clinically relevant loci in man. Ig proteins are encoded
at three independent loci: IgH, Igtc, and IgX. Each locus con-
sists of a complex of V, J, and C gene segments, along with
diversity segments in the IgH locus, which require rearrange-
ment during B cell development to produce active genes(for
review, see reference 1). The detailed structures of the human
K and IgH genes have been determined, and control sequences
such as transcriptional enhancers and conserved promoter ele-
ments required for Ig gene activation have been delineated.
Because of the importance of the Ig genes, we have set out
to characterize the third of these loci, the human X locus.
X L chains are present in -40% of human Igs (2) . Four
X isotypes, termed Mcg+, Ke - Oz- , Ke-Oz+, and Ke+
Oz - , have been described on the basis of their reactivity
with the Oz (3), Kern (4), and Mcg (5) antisera, which were
raised against X Bence Jones proteins isolated from patients
with multiple myeloma (6). The Oz, Kern, and Mcg an-
tisera bind to specific epitopes on the Cx regions that result
from specific amino acid substitutions. In addition to the four
well-known X isotypes, peptide sequence analysis of human
X proteins reveals 10 additional, distinct Ct, sequences (7).
Whether these unique X proteins represent as yet uncharac-
terized Cx genes or discrete polymorphic alleles of known
genes has yet to be determined. This contrasts with the human
K gene, which is represented as a single C region sequence
with two polymorphic alleles.
In theirinitial characterization ofthe human X locus, Hieter
et al. (8) cloned and partially characterized the Cx gene com-
plex and predicted that the human X locus contained a long
tandem array of at least six Cx regions spanning >30 kb of
DNA. The DNA sequence of the first three Cx regions
(numbered from 5' to 3') revealed that they potentially en-
coded the Mcg+, Ke - Oz - , and Ke - Oz' polypeptides,
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sequences ofC4, CA5, and CK that X4 and X5 were pseu-
dogenes and, contrary to our findings, that A6 could encode
the Ke+Oz - protein. The location of the Ke+Oz' gene is
of particular interest, since, in addition to the main C, com-
plex on chromosome22 (10, 11), several other unlinked, related
sequences are detected by crosshybridization to labeled Cx,
probes (8). Therefore, the existence of another unlinked X
gene complex couldnot be ruled out. Further characteriza-
tion of two of these unlinked sequences revealed that they
are pseudogenes, while two others may encode X-like pro-
teins (12, 13). These A-like genes may be related to similar
sequences in the mouse, termed Xs, that may be important
in early B cell differentiation (14).
To determine the genetic basis of human A protein com-
plexity and the mechanisms of X gene expression control,
we sequenced 33.7 kb of DNA containing the entire human
Cx complex. We also sequenced an 8.5-kb DNA segment
containing the promoter and rearranged Vx-J, sequences of
an active A gene. As a result, we can now definitively de-
scribed the organization of the human C;, complex, which
includes a previously uncharacterized seventh Cx gene that
is capable of encoding the Ke+Oz - protein. We show that
the DNA sequence conservation between the Cx genes ex-
tends beyond the coding exons and may contribute to the
evolution of the X locus. Furthermore, analysis ofthe sequence
data confirms that several of the Q, regions are pseudogenes
and reveals a long open reading frame (ORF)t in the oppo-
site orientation to the A genes. We also searched these se-
quences for potential control elements similar to the known
Ig enhancers and mapped the transcription start site in the
X promoter. Finally, we describe a Vx pseudogene upstream
of an active, rearranged V),.
Materials and Methods
Cloning of VA and C Genes.
￿
Recombinant phageclones con-
taining the Cx, genes were those reported previously by Hieter et
al. (8). These were cloned from Charon phage libraries prepared
from either human fetal liver DNA partially digested with Sau3a
(15) or EcoRI-digested DNA from white blood cells of a patient
with chronic myelogenous leukemia. Cosmid 49a-4 was isolated
from a library of partial Mbol-digested spleen DNA from an
a-thalassemia patient in the BamHI-digested pJB8 vector (16), and
was provided by C.C. Morton andJ. Sarid. The active X gene, rear-
ranged into X2, was cloned from size-fractionated, EcoRI-digested
DNA prepared from the IgE-A human myeloma U266 cell line
(17). Fragments of the phage and cosmid clones were subcloned
as smaller plasmids by standard techniques for further manipula-
tion (15).
DNA Sequencing.
￿
Dideoxy chain termination sequencing (18)
was performed on double-stranded plasmids, cosmids, and X phage
using Sequenase (United States Biochemical Corp., Cleveland, OH).
Primers were either synthesized on a DNA synthesizer (380A; Ap-
plied Biosystems Inc., Foster City, CA) or purchased from New
England Biolabs (Beverly, MA) (pBR322 and pUC primers) or
Promega Biotech (Madison, WI) (T7 and Sp6 promoter primers) .
All coding region and pseudogene sequences were confirmed by
t Abbreviation used in this paper. ORF, open reading frame.
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sequencing on both strands with dITP in the place of dGTP (19),
as were most of the intronic and intergenic regions, which were
sequenced on only one strand. Sequences were analyzed on 4.0 or
5.0%, denaturing, electrolyte gradient (20) gels, 100 cm long by
0.4 mm thick, run in an Ephortec (Haake/Buckler, Saddle Brook,
NJ) gel apparatus. This arrangement allowed resolutionof600-850
bases from each primer.
Primer Extension Analysis.
￿
An antisense strand deoxyoligonu-
cleotide primer, 5'-CTGTGCCCTG AGTGAGGAGG GTGAG-
GATGA-3, complementary to the 3'-most bases of the first exon
(the VX leader coding exon; see Fig. 9) was end labeled with T4
polynucleotidekinase and used to prime cDNA synthesis with AMV
reverse transcriptase (Life Sciences, Tampa, FL) ontotal cellular RNA
(15) from U266 myeloma cells. The resulting cDNAs were sub-
jected to electrophoresis on an 8% sequencing gel with adjacent
lanes containing chain termination sequencing reactions.
Computer-aidedDNA SequenceAnalysis.
￿
Computer analyseswere
performed using the University ofWisconsin Genetics Computer
Group (UWGCG) software (21), except for the evolutionary tree,
which was generated by the progressive alignment program de-
scribed by Feng and Doolittle (22).
Results
DNA Sequence ofthe Ca Complex.
￿
To define the struc-
tural features of the Cx complex and establish the mecha-
nism for its evolution, as well as search for potential enhancer
sequences, we determined the nucleotide sequence of the en-
tire Cx complex. The DNA sequencing strategy for the Ca
genes is shown in Fig. 1. We subcloned each of the X genes
separately and performed plasmid-directed, chain termination
sequencingreactions with primers that specifically hybridize
to either the Jx or the Cx regions to determine the sequence
of large regions surrounding each Jx and C gene. In addi-
tion, we used commercially available plasmid primers to se-
quence inward from the ends of each cloned fragment and
obtained the complete sequence ofeach plasmid insert by ex-
tending the known regions with additional synthetic primers.
We sequenced across the subclone boundaries and small EcoRl
restriction fragments by priming directly on fragments cloned
in cosmids and X phage. In all, 42.2 kb of DNA were se-
quenced, largely on both strands.
Structure ofthe Human Ca Complex.
￿
Analysis of the com-
plete sequence of human C, complex reveals that it consists
of a tandem array of seven Ca genes, each preceded by a
single Jx region (Fig. 1). We determined that no additional
A genes exist within 10 kb 5' of J,,1 or within 17 kb 3' of
C7 by probing Southern blots of cloned DNA with labeled
Jx and Cx fragments (data not shown). Southern blot anal-
ysis with J), and Cx probes and partial DNA sequence anal-
ysis of the C, complex led previous investigators to propose
that the A locus contained a long array of six Jx-Ct, gene
pairs arranged in tandem (8, 9). X7 may have been missed
in previous studies because the distance between X6 and X7
is much smaller than that between the other A genes. The
distance between each Cx region polyadenylation site and
the next Jx region is as follows: C,1 to J,,2, 3,800 bp; Cx2
to Jx3, 3,600 bp; Ca3 to Jr4, 3,780 bp; Cx4 to J),5, 3,080
bp; CX5 to Jx6, 2,110 bp; CO to J,,7, 1,420 bp. In addition,
the Jx-C, intron length decreases from 1,540 by in A1 to1,145 by in X7 ; A2, X3, X5, and A6 are all -1,310 bp . Fur-
thermore, the Ja region in X4 was not previously recog-
nized, probably because of its unusual location . X4 contains
a large deletion beginning 220 by 3' from JO and ending
at by 65 of the Cx region . This deletion removes most of
the intron, placingJO anomalously close to CO . While a
computer search of the entire C\ complex sequence reveals
no additional Jr or Cx regions, the similarity between the
genes extends beyond the coding sequences (see below) .
Sequence Conservation Flanking theJA and CA Genes. We
performed a dot matrix comparison of the C ;, complex se-
quence to itself (Fig . 2) to determine the extent of identity
between the seven X genes. Direct repeats within the sequence
are revealed by diagonals offset from the identity line, but
parallel to it . The longest diagonals are partially due to two
direct repeats -3 kb long in which are embedded X2 and
X3 . These repeated sequences are shown as the shaded boxes
in Fig . 1 and share >95% identity over their entire lengths.
The repeats extend through the Ja-Ca intron and 1.4 kb 5'
of the J ;, regions. An additional kilobase 5' of the Ja regions
is >85% identical, but 3' of the Cx regions, the sequences
diverge rapidly and are <60% identical .
Comparison of the remaining J,, and C, regions on the
dot matrix results in very short diagonals except in a few
cases . The plot shows that sequences 5' of J,,2, J;,3, Jx4, and
JX5, 3' of CO and CO, and in the introns of X6 and X7
share persistent identity extending well beyond the coding
regions .
Notably, computer searches of the sequenced regions of
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Structure and orga-
nization of the human CX com-
plex . The Ja and C, exons, la-
beled X1-X7, are shown as black
boxes; the ragged left edge on
CA indicates that a portion of
the C region is deleted (see
text) . The dotted line indicates
the physical continuity of the
locus . Restriction sites shown
are Bgl11, Bg; EcoR1, E ; and
HindIII, H . Horizontal arrows
beneath the restriction map de-
pict some of the individual se-
quencing gel runs. Representa-
tive plasmids, X phages, and one
cosmid are shown beneath the
ruler, which is labeled 0-34 kb.
The numbers in parentheses in-
dicate the total length of the
clone inserts . The shaded boxes
at X2 andM mark direct
repeats that share >95% iden-
tity . The box under X7 shows
the location, and the white
arrow indicates the orientation,
of a long ORF in the opposite
orientation from the X genes.
These sequence data have been
submitted to the EMBL Gen-
Bank Data Libraries under the
accession number X51755 .
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Dot matrix comparison of human CX complex DNA se-
quence to itself. The solid diagonal line bisecting the matrix is called
the identity line . The relative positions of the h, and C, regions are
shown along the axes, although their sizes are exaggerated for illus-
trative purposes . The matrix was generated using the University of
Wisconsin Genetics Computer Group version 5 compare and dotplot
programs with a window size of 99 and a stringency of 50 .the X locus reveal no Alu repeat sequences. On average, Alu
sequences occur every 5-6 kb in the human genome (23),
and we might expect six such sequences within the A locus.
Alu sequences have been implicated in genomic rearrange-
ments at other loci (24), however, it appears that they have
not been involved with the duplications observed in the X
locus. Indeed, lack of Alu sequences in a region this large
suggests that it arose from recent amplification of a sequence
that itself lacked an Alu sequence.
Distinguishing between Functional andPseudogenes.
￿
Having
precisely located all of the remaining Jx and Cx genes in the
X complex, we set out to determine which of them were
functional. All active Ig J regions are preceded by conserved
nonamer (G2T5GT) and heptamer (CACTGTG) sequences
separated by either 12 or 23 unconserved base pairs. The re-
verse complement of these sequences (CACTGTG and
ACASC2) separated by 23 or 12 by is found downstream of
each corresponding V region (or D in the IgH locus) (1).
These recombination signals are necessary and sufficient for
accurate V-j rearrangements in normal pre-B cells (25, 26).
Mutation of the recombination signals is one potential mech-
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Comparison of flanking sequences surrounding the JA
and Cx regions. The complete sequences for X2 are shown. Identities
in the other genes are represented by dashes, and deletions are repre-
sented by asterisks. The amino acids are numbered as in Kabat et al.
(40). (A) Heptamer-nonamer recombination signals 5' of the Ja
regions. (B) 3' flanking sequences showing the translation terminator
(ter) and the AATAAA polyadenylation signals. (C) Splice donor and
acceptor sequences in the J),-C), intron. Add 60 to the numbers be-
tween the arrows to calculate the total intron lengths.
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anism for inactivating an Ig gene. Fig. 3 A shows that each
human Jx has an intact copy of the consensus nonamer and
heptamer sequences separated by 12 bases. The recombina-
tion signals in A2 and A3 exactly match the consensus, and
the substitutions present in the others are known to have
no effect on activity (26). Thus, V-j rearrangements with all
of these Jx regions are theoretically possible.
Another potential mechanism for inactivating a gene is
mutation of the RNA processing signals for polyadenylation
or splicing. Each of the seven A genes has at least one copy
of the consensus polyadenylation site (AATAAA) in its 3'
untranslated region (Fig. 3 B). Two polyadenylation sites are
present in A2, A3, A5, and A6, but the 5' site is mutated
in A1 and A4, and is completelyremoved from X7 by a 20-bp
deletion. The other signals critical to RNA processing are
those required for splicing. Nearly all eukaryotic introns be-
gin with the AGGT"/GAGT splice donor and end with
(T/c)10NCAGG splice acceptor sequences (27). However,
only A1, X2, A3, and A7 contain these conserved mRNA
splice signals (Fig. 3 C) . Note that the 5' splice donors in
A4, X5, and A6 all lack the GT dinucleotide, and the deletion
in the A4 gene completely eliminates the 3' splice acceptor
sequence (the underlined GT and AG dinucleotides are in-
variant and define the beginning and the end of the intron,
respectively). Thus, it is unlikely that transcripts from A4,
A5, and A6 could be appropriately spliced.
The Coding Regions: A7 Encodes the Ke+Oz- C Region.
Only X1, A2, A3, and A7 can direct synthesis of a functional
mRNA containing a complete J,\-Cx ORE Hieter et al. (8)
showed that A1, A2, and A3 could encode the Mcg, Ke -
Oz - , and Ke- Oz' proteins, but could not determine which
of the remaining X genes encoded the Ke+Oz' protein. The
nucleotide sequence data presented in Figs. 3 and 4 indicate
that the newly discovered A7 has all the hallmarks of a func-
tional X gene segment. It has the consensus signals for V-j
rearrangement, mRNA splicing, and polyadenylation, as well
as an open reading frame that could encode a protein much
like the published Ke+Oz' A chain (28). It has been shown
that the Gly residue at position 152 is required for reactivity
with the Kern antiserum and, indeed, A7 contains a Gly at
this position (Fig. 5). However, A7 differs from published
amino acid sequences of X proteins at three other positions:
157 (Val), 195 (Arg), and 212 (Ala). To determine whether
this discrepancy is due to a cloning artifact or polymorphism,
we cloned and sequenced this same region from two addi-
tional individuals and foundthem to be identical to our original
sequence (data not shown). Therefore, the possibilities re-
main that the published Ke+Oz- amino acid sequence is en-
coded on an as yet uncharacterized gene, that additional, rare
polymorphic forms of the characterized A genes exist in the
human population, or that the published Ke+Oz- amino
acid sequence is incorrect at these positions.
A4, AS, and A6 Are Pseudogenes.
￿
Multiple defects in A4,
A5, and A6 render them incapable of coding for functional
A proteins. Most dramatically, A4 contains a deletion of
-1,150 by with respect to A3 and A5 . Fig. 1 shows that the
Jx and Cx regions are much closer together in a4 than in
the other genes. The bases missing from A4, make up mostFigure 4 .
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Comparison of the JX and Ca regions of the 11 known human X genes, including seven genes from the main X complex on chro-
mosome 22 and four dispersed X genes. The genes are arranged to keep the most similar sequences closest together. The dispersed X genes are :
~X1, a processed pseudogene (12) located on chromosome 18 (O.W . McBride, personal communication) ; and X14 .1, %16 .1, and ßa18 .1, whose
chromosomal locations have not yet been reported (13) . The J\ and C ;, region sequences are spliced together, with the Ja regions boxed in the
upper left, to show the J,-C ORF . Only the complete DNA and amino acid sequences of X3 are shown with the nucleotide differences in the
other genes indicated. Identities between X3 and the other genes are represented by dashes, and deletions are shown with asterisks. The amino
acid sequence is numbered as in Kabat et al . (40) and is discontinuous due to the insertion of 106a after number 106, and deletion of numbers
169, 201, and 202 . To optimize the alignment, bases were deleted from two points in X6 (7) : a four-base duplication, AGCT, between posi-
tions 246 and 247, and an additional G between positions 348 and 349. The JI, regions are enclosed in the box .
of the intron and the 3' mRNA splice site (see the line 4
in Fig. 3 C), plus 64 by of Cx coding sequence in the X3
gene (see Fig. 4, ~K 3' of the Jx) . In addition, a three-base
deletion at positions 226-228 in X4 eliminates one codon,
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Amino acid differences between the X genes. The
residues are numbered as Kabat et al . (40), and only the differences
that determine the isotype of the active genes and those that occur in
more than one gene are shown . The sequences are arranged as in Fig.
4 to place the most similar sequences together. The predicted reac-
tivity of X1, 2, 3, and 7 to the Mcg, Ke, and Oz antisera are shown
on the left, and the relevant amino acids are boxed .
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and a single-base deletion at position 270 causes a frameshift .
X5 cannot code for a functional protein due to a deletion of
11 by in CO (positions 151-161 ; Fig . 4), resulting in a shift
to a missense frame that would not be terminated until the
polyadenylation site. X6 has three frameshift mutations in
its coding sequences, and JX,6 has a four-base deletion that
would result in premature termination four codons later.
Moreover, Cß,6 also contains a four-base duplication at po-
sition 247 and a single-base insertion at position 349. There-
fore, while X4, X5, and X6 have the appropriate signals
for V;,J>, recombination, rearrangements with these genes
cannot produce functional proteins.
Evolution ofthe Ig 11 Genes.
￿
While the X evolutionary tree
and the structure of the mouse X genes (Fig. 6, A and C)
suggest that the mouse X2-4 and X3-1 clusters arose by
duplication of an ancestral cluster (29), similar description
of the origins of the human X genes is complicated by inter-
genic exchanges that appear to have taken place among them .
This effect is revealed on examination of the sequences shown
in Figs . 3 and 4 . For example, as shown in Fig. 4, Cß,3 and
Cß,7 are identical from nucleotide positions 41-174, exceptB
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Evolution of the human and mouse X genes for which
DNA sequences have been published. The Jr sequences (where avail-
able) were spliced to the Ca sequences for calculation of evolutionary
relationships. The sequences for human XI-X7 are from Fig. 4; X14.1,
X16.1, and 1GX18.1 are from Chang et al. (13); and 1GX1 is from
Hollis et al. (12). The mouse Jr-C1, region sequences are from Miller
et al. (52) and Selsing et al. (29), and the Xs sequence is from Kudo
et al. (14). (A) Evolutionary relationship of the 11 human and five
mouse X genes. Horizontal distances correspond to the degree of
divergence between sequences as quantitated using the progressive
alignment program described by Feng and Doolittle (22). (B) Physical
organization of the human X genes. The CX complex, X1-X7, maps
to 22gii; ,OXI is on chromosome 18 (O.W McBride, personal com-
munication); and X14.1, X16.1, and OX18.1 map positions have not
been reported. The human V1, regions are to the left (centromeric) of
the C complex (53). (C) Physical organization of the mouse Vr and
Ca genes (54), all located on chromosome 16 (55), although X5 maps
outside of the main Ig cluster (56). The clusters are drawn roughly
to scale, and 10-kb scale bars are shown.
for a G substitution in Cx7 at position 127. This identity
continues 5' of the CX regions into the IVS (Fig. 3 C). From
positions 175 to 301 (Fig. 4), however, CX1 and C,7 are
identical at all but three nucleotide positions, and they share
four substitutions that are absent from CO. For the re-
mainder of the coding region (nucleotides 302-360) Cal and
C1,3 are identical and C7 has four substitutions. This situ-
ation reverses again in the 3' untranslated region (Fig. 3 B),
where C1,1 and CO share eight substitutions that are absent
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from CO. It is possible that there is differential representa-
tion of these exchanges at the level of alleles. For example,
a similar exchange has occurred in certain alleles of the human
Ig C«1 and C«2 genes (30) . The results of Udey and Blum-
berg (31) also suggest that exchanges are present in some al-
leles of the C1, complex and not in others.
A Long ORF Overlaps Cal.
￿
In addition to the X C re-
gion coding exons, several ORFs were found in the com-
puter analysis of the Cx complex sequence using the
UWGCG Frames program. One strikinglylong ORF (1,377
bp) is encoded in the region of Q,7 on the strand opposite
that encoding the X genes (Fig. 1). The probability that a
458-codnn ORF would occur in a random DNA sequence
([61/64]458 = 2.8 x 10 -1°), is very small. While there are
several ATG codons within this ORF (Fig. 7), none match
the initiator consensus (32) and, therefore, are unlikely to
be capable of efficient translation initiation. However, there
are several consensus splice acceptor sequences near the be-
ginning of this ORF, as well as splice donor sequences near
its end, suggesting that it could be spliced to other exons
at either or both ends. The 2 kb we have sequenced upstream
of this ORF contains no sequences resemblingtranscriptional
promoters; moreover, there are no polyadenylation sites within
10 kb downstream of this region. Comparisonofthe deduced
amino acid sequence of the long ORF to the sequence data
banks reveals no similarities to published sequences. To de-
termine whether this region is transcribed, we analyzed RNA
purified from fetal liver, adult PBL, three Burkitt Lymphoma
cell lines, and a myeloma cell line in an RNase protection
assay (data not shown). No protected fragments were detected
using 40-Wg samples of total cellular RNA from these tissues
(the lower limit of detection is 0.1 pg of a 700-base frag-
ment). Thus, we were unable to detect transcripts from this
ORF in the tissues analyzed, but it may be transcribed in
some other tissue, or in these tissues at a different develop-
mental stage. While we cannot demonstrate that this ORF
is part of an active gene, its discovery remains an intriguing
observation.
The Search for a Potential Human A Enhancer
￿
Although
cis-acting enhancer elements have been identified for the u
and IgH genes, such regions have not been described in the
human X locus. To initiate a search for the potential human
X enhancer, we isolated the active, rearranged X gene (Fig.
8) from the U266 cell line (17). Using this clone, we attempted
to demonstrate tissue-specific expression when the gene was
transfected into a variety of cultured lymphoid cells. How-
ever, we found, as others have reported, that cloned X genes
direct very weak transcription in transfected and retrovirus-
infected tissue culture cells (33, 34; Vasicek, et al., manu-
script in preparation). The inability to detect substantial tran-
scriptional activity from the human X gene in tissue culture
systems suggests that either sequences necessary for its ex-
pression are simply not present on the large clone or that
X expression cannot be achieved using DNA transfection.
In studies to be published elsewhere (Vasicek, et al., manu-
script in preparation), we have shown that this cloned, rear-
ranged X gene is expressed in a tissue-specific manner in trans-
genic mice, suggesting a more complex regulatory sequence
11
11
X2
11
13 VX4
11 11
WX5 VX6 X7
11 11 11
X14.1 X16.1 VX18.1
1 ...J..i. 1 1 1_ _ 1
~yX1
-L
1okcinvolving activation ofthe gene in B cell precursors (see Dis-
cussion) .
BichThuy and Queen (35) have reported that a 4-kbDNA
segment 3' of the mouse X1 gene (see Fig. 6 C) can activate
transcription of a reporter gene construct, the X promoter
driving the bacterial chloramphenicol acetyl transferase gene,
in B cells expressing their endogenous X genes . We have not
found similar activity in analogous regions from the human
X locus, where we have tested fragments including as much
as 2.1 kb 3' of X7 (see Discussion) .
In further experiments, we analyzed DNA fragments from
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Figure 7 .
￿
DNA sequence of the long ORP
overlapping Cß,7 . The reverse complement of the
C),7 region is underlined and its ends are marked.
Potential splice acceptor and donor sequences (27)
are also underlined, and the first and last base of
the exons that would result from splicing into
these sequences are marked with vertical lines .
DNase I-treated U266 nuclei to investigate the chromatin
structure in the vicinity of the active X locus . DNasc I-sensi-
tive chromatin regions have been shown to correlate strongly
with regions having cis-regulatory function (36, 37) . The chro-
matin in the vicinity ofDNase I hypersensitive sites, found
in association with enhancer sequences in the x locus and
other genes, is apparently in an "open configuration" either
to promote the binding of transcription factors or because
such factors arebound . Several DNase I-hypersensitive sites
were found in the vicinity ofthe functionally rearranged U266
X gene (data not shown) . Because we could not demonstrate
Figure 8 .
￿
Restriction map and sequencing
strategy for the active X gene from the U266
human myeloma cell line. V regions are shaded,
and the J and C regions are black . The rearranged
VX region, U266X, is shown rearranged into the
J), region of X2, and a pseudogene, OVX1, is
shown 3 .7 kb 5' of the active gene . The restric-
tion sites shown are EcoRI, E ; XbaI, X ; BamHI,
B ; and BglII, Bg. The short arrows indicate some
of the individual sequencing gel runs, and the
scale in kilobases is shown by the ruler on the
bottom. These sequence data have been submitted
to the EMBL/GenBank Data Libraries under the
accession number X51754 .expression of X genescontaining these regions, we analyzed
the DNA sequence of the X promoter to detect sequence pat-
terns that would indicate the presence of potential enhancer
sequences. We have performed extensive computer searches
for enhancer-like sequences in DNA surrounding the CA
complex and the functionally rearranged U266X gene. While,
as expected in a sequence of this size, these searches have re-
vealed numerous enhancer core-like and potential transcrip-
tion factor binding sites, their relevance to expression, if any,
is difficult to evaluate.
Mapping ofthe 71 Transcription Start Site.
￿
While the mech-
anism of X gene activation is still unknown, some features
of the A promoter are similar to analogous regions in the
and IgH loci. The A promoter contains the conserved oc-
tamer sequence, ATTTGCAT, and a TATAA box (Fig. 9),
often GATAA in X genes (38, 39). To map the exact tran-
scription start site in the U266X gene, we annealed synthetic
oligonucleotide primers complementary to the leader coding
region ofthe A message with totalcellular RNA from U266
cells and used AMV reverse transcriptase to synthesize cDNA
molecules corresponding to the 5' end of the X mRNA. Fig.
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10 shows a DNA sequencing gel with adjacent lanes con-
taining the cDNA and a DNA sequencing ladder. These data
indicate that the U266X gene transcript begins at a G nucleo-
tide 29 by downstream of the TATAA box and 41 by up-
stream of the translation initiation codon (see Fig. 9).
A AVPselidogene 3.7 kb Upstream ofthe Active Gene
￿
While
searching for enhancer sequences in the A promoter region,
we discovered a X pseudogene, OVA1, 3.7 kb upstream of
U266X (Fig. 8). The DNA sequences of OVA1 and U266X
are compared in Fig. 9. OVA1 has most of the sequence char-
acteristics of active genes: upstream octamer and TATAA
(GATAA) sequences, conserved mRNA splice donor and ac-
ceptor sequences, and appropriately spaced heptamer and
nonamer sequences for VA-JA rearrangement. However, it
also has a 10-bp deletion, from position 135 to 144 in the
V),-coding region, that would render it inactive. Interest-
ingly, t/,Vx1 and U266X are members of different Va region
families. The U266X protein is 94% similar to the Mcg VA
region, a subgroup II protein, and the predicted amino acid
sequence of the hypothetical OVAL protein is 83% similar
to the DEL Vx region of subgroup III (40). These two
Figure 9.
￿
Comparison of the U266X and OVal
V region sequences. The entire sequence of
U266X is shown but only the differences in OVI,1
are shown. The deduced amino acid sequence,
numbered as in Kabat et al. (40), of the active
gene is indicated below the DNA sequences. The
octamer sequence 67 by upstream of the transcrip-
tion start site, and the "TATAA' box (GATAA in
X genes) 28 by upstream, are doubly underlined.
The transcription start is indicated with an arrow
41 by upstream of the translation initiation
codon. The heptamer and nonamer Vx-Jx rear-
rangement sequences are underlined in the pseu-
dogene sequence and the JA2 sequences, into
which the active gene is rearranged, are shown.genes are adjacent and yet they share a nucleotide similarity
of only 66% .
Discussion
Figure 10 .
￿
Primer extension
experiment showing the tran-
scription start in the active
U266 X gene. The primer used
was a 30-base oligonucleotide
complementary to the 3' end
of the leader exon . The same
primer was used to produce the
sequence ladder size marker. The
G at position +1 is indicated
by an arrow.
The complexity of the X proteins is reflected in the com-
plexity of theX gene family. While the X genes share a number
of structural similarities with the IgH and K genes, they ex-
hibit differences as well, ThehumanX locus consists ofmany
Vx regions, as do the K and IgH loci, but, unlike the other
Ig loci, it encodes a cluster of Jx-Cx pairs. Although the
mouse X locus has only two functional Vx regions, it also
contains three functional Jx-Cx pairs. This conservation of
multiple Ja-Cr pairs over evolutionary time, also seen in the
shark (41), suggests that it has an important role in the im-
mune response. Obviously, these multiple genes contribute
to L chain diversity, a function that is achieved with more
economy by multiple J regions in the K and IgH loci in the
absence o£ duplicated C regions .
The structure of the Cx complex allows us to assign the
four X isotypes to genes within the main X complex . This
complex contains a tandem array of seven Jx-Cx gene pairs
that we call X1-X7, 5' to 3'. In accordance with previous studies
(8), we find that the first three genes are functional and code
for the most common isotypic forms of the Cx region, Mcg,
Ke-Oz - , and Ke -Oz+, respectively . We also find a new X
gene, X7, that appears to be functional and is capable of
producing a protein similar to the Ke+Oz- chain that is
present in all human sera (4) . We have found that X4, X5,
and X6 are pseudogenes, in contrast to the report by Dari-
avach et al . (9), in which they describe X6 as the Ke+Oz -
gene. It is possible, though unlikely, that this conflict results
from a polymorphism . The sequence of CX6 presented by
Dariavach et al . (9) resembles a combination of our sequences
forCX6 and CX7 . Such a hybrid genemay have resulted from
recombination due to unequal crossing over between X6 and
X7, deleting the intervening 3 kb. However, we have found
three alleles of X6 and X7 to contain sequences identical to
those shown in Figs . 3 and 4 (data not shown) . Furthermore,
Taub et al . (42) examined >100 individuals by Southern blot
without detecting any alleles containing such a 3-kb dele-
tion . Thus, the result of Dariavach et al . (9) may be due to
cloning artifacts or sequencing errors, or theymay have cloned
a rare, deleted allele .
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In addition to the seven X genes in the C, complex, sev-
eral unlinkedDNA fragments crosshybridize with Q, probes
(8) (Fig . 6, A and B) . Two of these fragments contain pseu-
dogenes; one, OX1, is a processed pseudogene (12). located
on chromosome 18 (O.W. McBride, personal communica-
tion) and the other, which has not beenmapped to a specific
chromosomal location, contains a defective C, region called
t/A18.1 (13) . Two other dispersed X sequences, called X14.1
and X16.1, may be functional genes ; they are closely related
to the X genes in the main X complex and share >86%
nucleotide sequence similarity with the active Ig X genes (13) .
Hollis et al . (43) showed that the X14.1 gene, and perhaps
the X16.1 gene, are transcribed in pre-B cells. The structure
of the X14.1/X16 .1 genes, and their expression pattern, led
Hollis et al . (43) to suggest that they are human analogues
of the mouse X5 gene (Fig. 6 C) . L chain-like proteins that
associate with H chains in human (44) and mouse (45) pre-B
cells may be encoded by the X14.1 and Xs genes, respectively.
The X gene family appears increasingly complex ; for, in
addition to the seven X genes in the Cx complex we have
described, three polymorphic forms of the X locus may en-
code distinct X proteins (42) . These polymorphic alleles ap-
parently result from duplication of the region containing X2
and X3 and concurrently increase the size of the 8.4-kb EcoRl
fragment on which they are normally found. Alleles carrying
these polymorphic forms appear to have one, two, or three
additional X genes that have not yet been characterized in
detail, though they are likely to be closely related to X2 and
X3, as they share identical restriction maps. This amplification
of the X genes appears to be due to duplication of a 5.4-kb
region containing X2 and X3 (Fig . 1) . X2 and X3 are them-
selves located within two repeated sequences that share >95%
sequence identity for 3 .2 kb containing Jx-Cx2 and Jx-Cx3
(Fig . 1, shaded boxes) ; an additional 1.0 kb 5' of these regions
share >85% identity. Since analogous positions on these
repeats are 5.4 kb apart, mispairing between two chromo-
somes 22 and unequal crossing over or sister chromatid ex-
change could result in additional copies of the repeat unit .
The resulting duplication would yield a 5 .4-kb increase in
the distance between the two EcoRI sites flanking X2 and
X3 at the expense of the sister chromatid . Both unequal
crossing over, and precise excision ofthe direct repeats, could
also result in the loss of X gene copies, but X loci with fewer
than two genes in this region have not been found ; this sug-
gests that there may be specific selection against such alleles
in the population. In any case, individuals in the population
could have four to seven potentially active X genes per haploid
genome .
While X2 and X3 are the most similar of the X genes, and
the similarity between them is the most extensive, the other
five X genes also share a very high degree ofDNA sequence
similarity extending beyond the coding regions (Fig . 2) . The
similarity among the genes suggests a role for recent gene
duplication events and/or exchange of genetic information
by gene conversion . The lack of Alu sequences within the
locus is consistent with this interpretation .
While the X locus has anumber of gross structural differ-ences from the « and IgH loci, it also differs in the more
subtle structure of its transcriptional control elements. The
IgH gene has a powerful, position- and orientation-inde-
pendent, tissue-specific enhancer element in the J.-C. intron
(46). The K locus has a similar intron enhancer (47), although
its activity appears to be not as strong.
To develop a functional assay for the mechanisms of tran-
scriptional control of the X genes, we cloned the active X
gene (rearranged into X2) from the U266 human myeloma
cell line. We and others (33, 34, 48) have found that cloned
X genes are only weakly transcribed in transfected tissue cul-
ture cells, even in cells that are actively expressing endoge-
nous A genes. Furthermore, Neuberger et al. (49) and Hagman
et al. (50) found that expression of certain mouse A clones
in transgenic mice required attachment of IgH chain enhancer
sequences. However, we have found that the 8.5-kb U266X
clone, with 5.2 kb of 5' flanking sequences, is specifically
transcribed at high levels in the lymphoid tissues of three
transgenic mouse lines, without addition of heterologous en-
hancer sequences (Vasicek, et al., manuscript in preparation).
This result suggests that sequences required for tissue-specific
activation of the human A gene in transgenic mice are lo-
cated within the 8.5-kb U266X clone. This does not rule
out the possibility that additional enhancer elements might
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